ABSTRACT: The concentration of solute molecules at the surface of a liquid is a factor in heterogeneous reactions, surface tension, and Marangoni-effect-driven surface flows. Increasingly, X-ray photoelectron spectroscopy (XPS) has enabled surface concentrations to be measured. In prior work, we employed statistical mechanics to derive expressions for surface tension as a function of solute activity in a binary solution. Here we use a Gibbs relation to derive concomitant expressions for surface concentration. Surface tension data from the literature for five alcohols are used to identify parameters in the surface tension equation. These parameters are then used in the surface concentration equation to predict surface concentrations. Comparison of these predictions to those measured with XPS shows a factor of three difference between measured and predicted surface concentrations. Potential reasons for the discrepancy are discussed, including lack of surface-bulk equilibrium in the measurements.
A s Wolfgang Pauli stated, "God made the bulk; surfaces were invented by the devil." Yet modern technology, science, and engineering continue to appreciate and exploit the importance of surfaces because feature size in microelectronics becomes smaller, nucleation of atmospheric aerosol particles influences climate, and the complexity of protein folding in cell bilayers governs numerous biological processes. Over the past decade, Dutcher, Clegg, Wexler, and coworkers have used the statistical mechanics of multilayer sorption to describe thermodynamics of the bulk 1−7 and the surface 8−10 in complex and highly concentrated mixtures and related the parameter values in these equations to physicochemical properties of the solvent and solute. In parallel, experimental methods for measuring the concentration of solutes at the surface of solutions continue to improve.
A breakthrough for liquid systems was made with the invention of the liquid microjet, 11 enabling the use of surfacesensitive XPS (X-ray photoelectron spectroscopy) for systems of high vapor pressure and the successful use of the technique for aqueous organics of immediate relevance for atmospheric aerosols and cloud droplets. 12, 13 Recently, liquid jet XPS was used to measure the surface concentration of alcohols in an aqueous solution. 14, 15 In this work, we use the binary surface tension equation of Wexler and Dutcher, 8 along with a Gibbs relation to derive expressions for surface concentration. Then, we use surface tension data to identify the surface parameters in the surface tension equation. Finally, we use these parameter values in the surface concentration equation to predict such concentrations and compare to XPS measurements to obtain insights into the meaning and predictability of surface concentration.
Using a Gibbs relation, expressions for the surface excess concentration can be derived from expressions for surface tension. The Gibbs relation for surface excess concentration is
where a A is the activity of the solute in solution, the superscript x indicates surface excess, kT is Boltzmann's constant multiplied by temperature, and σ is the surface tension. Wexler and Dutcher 8 used statistical mechanics to derive expressions for surface tension as a function of solute activity. They assumed that surface-active solute molecules displace water molecules from the surface. The random distribution of the remaining water molecules and solute molecules on the surface leads to the entropy of the surface system. The resulting general equation is
which corresponds to equation 9 of Wexler and Dutcher, 8 where r is generally the number of water molecules displaced from the surface by each solute molecule, S W is the surface area occupied by one water molecule, σ W = 72 mN/m is the surface tension of pure water, kT/S W = 41 mN/m for water as the solvent at 298 K, and K and C are parameters related to the energy of the solute in the bulk and at the surface. 
where the subscript W indicates solvent, water in this case. 8 (2013) for more details of the limits where their equations 9−11 apply and therefore where eqs 3−5 here apply and for the meaning of the parameters in these equations.
The objective of this work is to predict surface excess concentration from eq 3 using surface tension data in eq 2 to identify the unknown parameters. For all solutes, the procedure is 1. Obtain surface tension data from the literature. 2. Fit these data to eq 2, identifying the values of r, K, and C. 3. Use these values of r, K, and C in eq 3 to predict surface excess concentration. 4. Compare these predicted concentrations to those measured by Walz and colleagues 14, 15 for 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, and t-butanol. Surface pressure data for the n-alkanols were obtained from Posner and colleagues 17 and were converted to surface tension by subtracting from the surface tension of pure water. The surface tension for tert-butanol was obtained from Hey and Kippax. 18 Because these data were from dilute solutions, the activity coefficient was assumed to be sufficiently close to one so that activity was assumed to be well approximated by the mole fraction. Table 1 lists the values obtained by fitting eq 2 to these surface tension data using the Solver feature of Microsoft Excel to minimize the total squared error between the equation and the data.
The fits for eq 3 to the surface tension are very good, as indicated by the mean absolute error in Table 1 . Figures 1−5 show the surface concentration data of Walz and colleagues (dots) and the surface concentration predicted from eq 3 using the values in Table 1 (dashed lines) . In all cases the predictions are higher than the measurements, as seen from the respective values of fitted parameter r in Table 1 . The surface concentration data were fit to eq 3, letting the value of r vary while keeping the values of K and C the same. The second to last column of Table 1 lists the fit r values, while the last column lists the resulting mean absolute error. Note that the mean absolute error for t-butanol is large due to large relative error for the two smallest concentration values.
Equations 3−5 provide the Gibbs excess surface concentration, which is not necessarily equal to the physical surface concentration of the solute. Equation 6 relates the surface excess concentration to the physical surface concentrations of the solute, Γ A , and solvent, Γ W , in terms of the number of molecules of each, N A and N W , in the bulk. 19 The surface excess and physical surface concentrations are equivalent, though, for either dilute solution because N A /N W is small, or for highly surface active compounds, such as long-chain alcohols, because for even modest bulk solute concentrations Γ W is small. Both conditions apply here. 
Although the surface concentration predictions are higher than those observations, the shapes of the curves are very similar. They rise at about the same rate and then level out at about the same solute mole fraction. There are a number of possible explanations for the discrepancy between the predicted and measured surface concentrations. First, surface concentration is notoriously difficult to model and measure for a number of reasons, one of which is that the surface layer can be defined in a number or thermodynamically consistent ways. 20 Second, the surface tension data may be flawed, but both sources of surface tension data 17, 18 employed here measured the surface tension of n-pentanol and obtained almost exactly the same values, so the surface tension data seem reliable.
Third, we consider the surface concentration data itself. A number of assumptions are involved in converting XPS spectra to surface concentrations. 21 Two aspects, in particular, may influence the ability to derive quantitative information from XPS: (A) The surface may not have been in equilibrium with the bulk for two reasons: Walz et al. (2015 Walz et al. ( , 2016 ) report measurements on a microjet traveling at 26.5 m/s, performed ∼1 mm from the nozzle. This means the surface age is ∼0.00004 s at the time of measurement. The interaction time of the X-rays with the sample is much shorter than this. The jet has a diameter of 20 μm, so with diffusion coefficients of, for example, 1.28 × 10 cm 2 /s for methanol, ethanol, 1-propanol, and 1-butanol, respectively, surfaces would need time scales of 0.01 s or more to equilibrate. Diffusion is slower for the larger alcohols, which would bias surface concentrations low compared with smaller alcohols, which is in line with the increased difference between model and XPS concentrations with increasing chain length for the normal alcohols. The jet travels into vacuum where both water and alcohol will evaporate from the jet surface. Walz et al. scale the maximum surface XPS signal relative to pure liquid alcohol to quantify surface concentrations. Insufficient diffusion time and possible evaporation therefore cannot in itself explain the difference between modeled and XPS-derived surface concentrations. (B) XPS measurements may be so surface-sensitive that concentrations obtained from simply integrating C 1s peak areas may be underestimated for larger, more surface active alcohols, especially at higher concentrations. In the papers by Walz et al., the C 1s signal from hydroxyl carbons is increasingly suppressed with respect to the aliphatic carbons, indicating that the former is disproportionately attenuated as alcohol molecules arrange in an increasingly "upright" position perpendicular to the water surface. The effective attenuation length (EAL) of photoelectrons is estimated to ∼1 nm. The signal decays exponentially with distance into the sample, and 95% of the signal arrives from a depth less than 3× EAL, and the suppression of the hydroxyl C 1s means that over a distance shorter than the length of one molecule, the signal is already significantly attenuated. This will lead to an increasing underestimation of surface concentrations for the longer and more upright oriented alcohol chains. It is also increasingly likely that subsurface layers are significantly enriched for the more surface-active alcohols, such that the attenuation of signal from subsurface layers leads to increasing underestimation of the total concentration of alcohol in the surface region.
At this point, it is not possible to quantify the bias in individual cases, and the viability of XPS to obtain realistic information on surface concentrations and surface tension for larger surface-active molecules, in a manner similar to that of Werner and coworkers, 22 needs to be carefully examined in future work. Here we simply note the similarities in trends between modeled and XPS-derived surface concentrations.
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